Clonal cell lines representing different developmental stages of the metanephric mesenchyme were made from transgenic mice with the Simian Virus 40 T-antigen (SV40 Tag) gene driven by the Hoxa 11 promoter. The resulting mK3 cell line represented early metanephric mesenchyme, prior to induction by the ureteric bud. These cells showed a spindle-shaped, fibroblast morphology. They expressed genes characteristic of early mesenchyme, including Hoxa 11, Hoxd 11, collagen I, and vimentin. Moreover, the mK3 cells displayed early metanephric mesenchyme biological function. In organ co-culture experiments they were able to induce growth and branching of the ureteric bud. Another cell line, mK4, represented later, induced metanephric mesenchyme undergoing epithelial conversion. These cells were more polygonal, or epithelial in shape, and expressed genes diagnostic of late mesenchyme, including Pax-2, Pax-8, Wnt-4, Cadherin-6, Collagen IV, and LFB3. To better define the gene expression patterns of kidney metanephric mesenchyme cells at these two stages of development, RNAs from the mK3 and mK4 cells were hybridized to Affymetrix GeneChip probe arrays. Over 4000 expressed genes were identified and thereby implicated in kidney formation. Comparison of the mK3 and mK4 gene expression profiles revealed 121 genes showing greater than a ten-fold difference in expression level. Several are known to be expressed during metanephric mesenchyme differentiation, but most had not been previously associated with this process. In situ hybridizations were used to confirm that selected novel genes were expressed in the developing kidney. q
Introduction
The kidney is a powerful model system for studying mammalian organogenesis (Davies and Bard, 1998; Kuure et al., 2000) . The developing kidney employs many mechanisms of organogenesis, including budding, reciprocal inductive interactions, stem cell growth and differentiation, conversion of mesenchyme into epithelia, branching morphogenesis, apoptosis, fusion (nephrons to collecting ducts), and proximodistal segmentation (along the length of the nephron).
Multiple reciprocal inductive interactions drive the process of kidney formation. The presence of the metanephric mesenchyme is necessary for ureteric bud formation, growth, and branching to form the collecting duct system. In turn the ureteric bud induces the mesenchyme cells to condense, divide, and undergo an epithelial conversion to eventually form the tubules of the nephrons which connect to the collecting ducts. Without the presence of the ureteric bud, or an 'artificial' inducer such as embryonic spinal cord, the metanephric mesenchyme undergoes apoptotic death. In turn, the bud fails to grow and to bifurcate in the absence of the metanephric mesenchyme.
We are still in the early phases of understanding the genetic regulation of kidney development, but significant advances have been made. The uninduced metanephric mesenchyme produces GDNF, which interacts with the ret receptor on the ureteric bud to promote outgrowth. Mice with mutation of either the GDNF or ret gene have severe failure of kidney development (Moore et al., 1996; Schuchardt et al., 1994) . GDNF is required, but is not sufficient, to drive normal branching morphogenesis of the bud. The initial signaling from the bud to the metanephric mesenchyme is less well understood. FGF2, BMP7, and Wnts have been considered as candidate early inducers, but there are problems for each. It is clear, however, from mouse gene targeting experiments that BMP7 is essential for continued (Dudley et al., 1995; Luo et al., 1995) , and Wnt-4 is required to develop past the aggregate stage of nephrogenesis (Stark et al., 1994) . In total, over 300 genes have now been implicated (most by expression only) in kidney development. Gene targeting studies have shown that Lim1 (Shawlot and Behringer, 1995) , Pax-2 (Torres et al., 1995) , Hoxa 11/Hoxd 11 (Davis et al., 1995) , Eya1 , WT-1 (Kreidberg et al., 1993) , Emx-2 (Miyamoto et al., 1997), Integrin a 8 (Muller et al., 1997) , BF-2 (Hatini et al., 1996) , RARa and RARb (Mendelsohn et al., 1999) , and others, are all essential for kidney development. LIF appears to be an important signal from the later ureteric bud to the differentiating nephrons (Barasch et al., 1999) . Some progress has been made in defining the genetic regulatory network of kidney development (Cook et al., 1996; Hewitt et al., 1995; Lee et al., 1999; Maheswaran et al., 1993; Phelps and Dressler, 1996; Torban and Goodyer, 1998) , but much work remains to be done.
To better understand the genetic basis of kidney development it will be necessary to identify more of the genes expressed during this process. The approximately 300 genes now known to be active in kidney development represent a small fraction of the estimated 30-50,000 genes of the mammalian genome. It is likely that hundreds, or even thousands of genes expressed in the developing kidney remain to be recognized, many of which may be key regulators. In the future it may become possible to define complete gene expression profiles of the different cell types of the forming kidney as a function of developmental time. This will provide a remarkable molecular portrait of the process of kidney organogenesis.
Cell lines can provide useful experimental systems for the study of developmental processes. Cell lines offer the advantages of unlimited material, reproducibility, sample homogeneity, and are amenable to manipulations (e.g. transfection) not always available in vivo. The adult MadinDarby canine kidney cell line, for example, has been used to study the factors influencing branching morphogenesis Santos et al., 1993 Santos et al., , 1994 , cell polarity (Hobert et al., 1999) , and ion pumps (Gagnon et al., 1999) . The human embryonic kidney cell line HEK 293 has been used to study ion channels (Kupper, 1998; Pedersen et al., 1999; Tong et al., 1999) , upstream gene regulation (Jahroudi et al., 1990; Meroni et al., 1997; Wick et al., 1999) , and the characterization of downstream targets of transcription factors (Torban and Goodyer, 1998 ).
The precise spatio-temporal expression of Simian Virus 40 T-antigen (SV40 Tag) in transgenic mice, directed by specific promoter elements, can result in the immortalization and developmental arrest of desired cell types (Lew et al., 1993; Paul et al., 1988; Windle et al., 1990) . For example, a series of spatially and temporally restricted promoters were used to generate cell lines that represent different stages of pituitary development (Alarid et al., 1996 (Alarid et al., , 1998 . The cell lines appeared developmentally frozen at approximately the point of initial SV40 Tag expression (Lew et al., 1993; Mellon et al., 1991; Tsutsumi et al., 1992; Windle et al., 1990) .
In this report we describe making four kidney cell lines and using them to better understand the genetic program of metanephric mesenchyme differentiation. The mK3 cells represent early uninduced metanephric mesenchyme as determined by morphology, expression of multiple early mesenchyme marker genes, and by their ability to induce ureteric bud branching morphogenesis in organ co-culture experiments. The mK4 cells represent later induced mesenchyme as determined by their more epithelial morphology, expression of late mesenchyme marker genes, and their inability to induce ureteric bud branching. Affymetrix GeneChip probe arrays were used to determine gene expression profiles for the mK3 and mK4 cells. Over 4000 expressed genes were identified. Comparisons between the mK3 and mK4 profiles showed 121 genes with a greater than ten-fold difference in gene expression level. These genes represent an extensive series of candidate markers distinguishing early and late metanephric mesenchyme. In situ hybridizations were used to confirm the expression of selected novel genes in the developing kidney. This work provides new experimental systems for the study of kidney development, and better defines the genetic program of metanephric mesenchyme differentiation.
Results

Hoxa 11-SV40 Tag construct and transgenic mouse phenotype
To make cell lines representative of the early kidney metanephric mesenchyme we used the Hoxa 11 promoter to drive expression of SV40 Tag in transgenic mice. The Hoxa 11 gene is expressed in the metanephric mesenchyme prior to bud invasion and continues in the induced condensing mesenchyme around the ureteric bud tips Patterson et al., 2001) . Hoxa 11 is also expressed in the developing limbs, vertebral column, uterus, and ductus deferens (Gendron et al., 1997; Haack and Gruss, 1993; Hsieh-Li et al., 1995; Small and Potter, 1993) . The transgene DNA construct included 5.1 kb upstream of the Hoxa 11 transcription start site, 3.8 kb downstream, and the intact Hoxa 11 intron (Fig. 1) . Ten founder Hoxa 11-SV40 Tag transgenic animals were made. Four of these animals had shortened hindlimbs while the remaining six appeared normal. The four with shortened hindlimbs suffered declining health over a 4-12 week period and were sacrificed. Gross examination revealed a unilateral fluid filled cystic kidney in two of the males while the third had an apparently normal kidney, but a massively distended bladder. The female exhibited grossly normal kidneys, but an abnormally thin, pale uterus similar to that seen in the Hoxa 11 knockout mouse (Gendron et al., 1997; Hsieh-Li et al., 1995) . Skeletal stains showed that the transgenic tibia and fibula failed to fuse and were approximately one-third shorter than in the age matched wild type control (data not shown), resembling limbs of Hoxa 11/Hoxd 11 double mutants (Davis et al., 1995) . This phenotype was consistent with appropriate Hoxa 11 promoter regulated SV40 Tag expression. In addition, using reverse transcriptase polymerase chain reaction (RT-PCR), SV40 Tag transcripts were detected in the developing kidney, uterus, and the ductus deferens indicating the transgene at least partially recapitulated normal Hoxa 11 expression (data not shown).
Establishment of Hoxa 11/SV40 Tag immortalized cell lines
The four Hoxa 11-SV40 Tag transgenic mice with shortened hindlimbs were used to make cell lines. Cells were cultured from kidneys, uterus, and ductus deferens, all tissues that express Hoxa 11. The cells of all primary cultures were heterogeneous in morphology. After ten to 15 passages, however, a single predominant cell morphology emerged in each case. This presumably reflected senescence and death of cells not expressing SV40 Tag, and continued growth of those that did. After several months (20 1 passages), dilution cloning was used to make clonal cell lines from each primary isolation. The resulting four murine kidney cell lines, one from each affected mouse, were designated mK1, mK2, mK3, and mK4. In addition two of the males yielded ductus deferens cell lines, mDD1 and mDD2, and the female a uterine cell line, mU1. These reproductive tract cell lines will be characterized elsewhere.
The mK1-mK3 kidney derived cells all exhibited a similar spindle-shaped morphology with several irregular cytoplasmic projections (Fig. 2) . The mK4 cells were smaller and polygonal in shape with a cobblestone-like appearance at confluence. The morphologies suggested that the mK4 cells represent a later stage of nephrogenesis, when the mesenchymal cells are converting to epithelia.
Gene expression patterns of kidney cell lines determined by immunocytochemistry, Northern hybridizations, and RT-PCR
The mK1-mK4 kidney cell lines were further characterized by examining their expression of 17 genes, using a combination of immunocytochemistry, Northern hybridizations, and RT-PCR. Representative Northern blots are shown in Fig. 3 and the data summarized in Table 1 . The results indicate that the mK1-mK3 cells represent early metanephric mesenchyme, while the mK4 cells represent metanephric mesenchyme at a later developmental stage, as it undergoes epithelial conversion to form the structures of the nephron.
All of the cell lines expressed a combination of genes diagnostic of metanephric mesenchyme, including Hoxa 11 Patterson et al., 2001) , Hoxd 11 (Dolle et al., 1991) , Hoxa 10, and Emx-2 (Miyamoto et al., 1997; Pellegrini et al., 1997) . Hoxa 11, for example, is expressed in the metanephric mesenchyme of the developing kidney, but not in the ureteric bud or in mature epithelial structures of the nephron. All of the cell lines also expressed SV40 Tag, consistent with their being selectively immortalized by transcription of the Hoxa 11-SV40 Tag transgene. None of the cell lines expressed the ureteric bud marker cret (Pachnis et al., 1993) .
The mK4 cells expressed several genes characteristic of metanephric mesenchyme cells undergoing epithelial conversion, including E-cadherin (Davies and Brandli, 1997) , Wnt-4 (Kispert et al., 1998; Stark et al., 1994) , Pax-2 (Dressler, 1996; Rothenpieler and Dressler, 1993; Torres et al., 1995) , lim-1 (Shawlot and Behringer, 1995) , Pax-8 (Davies and Brandli, 1997; Igarashi, 1994) , and Bmp-7 (Dudley et al., 1995) . The mK1-mK3 cell lines, which appear to represent an earlier stage of metanephric mesenchyme development, did not express any of these genes. The molecular data correlate well with the morphology of the mK4 cells, which again appeared more epithelial in character (Fig. 2) . The mK4 cells did not, however, appear to be terminally differentiated because Pax-2 and Wnt-4 are transiently expressed during the conversion process and not in the mature epithelial cells of the nephron (Kispert et al., 1998) .
Several additional features of the gene expression patterns are worthy of note. WT-1 expression was seen in mK2 and at low levels in mK4 cells (Fig. 3) . WT-1 expression is found in uninduced mesenchyme, stem cells, and condensing mesenchyme, but not in ureteric bud derivatives or in stromal cells (Armstrong et al., 1993) . Hoxc 9 expression, a marker of stem cells and condensing mesenchyme, was only detected in mK2 and mK3 cells. Hoxc 9 is not expressed in stromal cells (Erselius et al., 1990; Suemori et al., 1995) . RT-PCR detected very low levels of BF-2 transcript in all of the kidney cell lines. This is somewhat surprising since BF-2 has been thought to be a kidney stromal cell marker (Hatini et al., 1996) . And finally, all of the cell lines expressed Hoxa 11 antisense transcripts, which we have previously reported are expressed in the same kidney cells expressing Hoxa 11 sense RNA (Potter and Branford, 1998) .
mK3 cells retain metanephric mesenchyme biological function
The gene expression analysis suggested that the cell lines represented mesenchymal cells developmentally arrested at early (mK1-mK3) and later (mK4) stages of kidney development. To test for metanephric mesenchyme biological function we performed co-culture experiments. The mK3 cells were able to induce the growth and branching of the ureteric bud in culture, a function specific to early metanephric mesenchyme (Fig. 4) . Aggregates of cells for each cell line were formed in hanging drop culture and then positioned adjacent to isolated E11.5 ureteric bud in Matrigel matrix. Each cell line was tested at least twice and only the mK3 cells were able to support significant growth and branching of the ureteric bud. The mK1 cells promoted minimal growth and branching, while the presence of mK2 or mK4 cells resulted in ureteric buds no different from controls. For confirmation the mK3 co-culture experiments were repeated 20 times in seven independent experiments, with the same results. The mK3 cells were observed to promote ureteric bud growth and branching with or without GDNF added to the media. The experiments were repeated in Collagen I matrix to determine if the Matrigel matrix, which carries a poorly defined mix of factors, influenced the results. The results were again the same, suggesting that the mK3 cells alone were able to provide signals necessary for ureteric bud growth and branching. Fig. 4 shows the typical progression of the ureteric bud in coculture with mK3 cells. To define the resulting ureteric bud more clearly, cultures were stained with DBA lectin, which binds to ureteric bud epithelia (Fig. 4) . The extensive growth and branching from the initial 'T' bud stage was clear. The control ureteric bud cultured alone always lost Table 1 Summary of genes expressed in the kidney cell lines a Gene name mK1 mK2 mK3 mK4 Method
Anti indicates the presence of the endogenous HoxA11 antisense transcripts . structural integrity and the cells dispersed or died. Another control experiment was performed to insure that the growth of the ureteric bud was not the result of metanephric mesenchyme contamination during the dissection of the bud. Recombination experiments were done with ureteric buds dissected from ROSA26 mice, which ubiquitously express b-galactosidase, and the resulting cultures stained for b-galactosidase activity. No contaminating mesenchymal cells were detected, indicating that the growth and branching were the result of signals from the mK3 cells. These results demonstrate that the mK3 cells retained early metanephric mesenchyme properties and were able to substitute for metanephric mesenchyme in co-culture. The mK3 cells appeared developmentally frozen, however, and did not form epithelia in response to the ureteric bud. We did not observe any condensations around the bud tips or any mature nephron structures.
Affymetrix GeneChip probe array analysis of the mK3 cells
In many respects the mK3 cells appear to represent the Fig. 4 . The mK3 cell line supports growth and branching of isolated ureteric buds in 3D culture. Left panels show culture in Matrigel of an isolated E11.5 'T' stage ureteric bud without added cells at 1 and 10 days. The bud loses its integrity, with the cells dispersed at 10 days. Right panels show a similar E11.5 ureteric bud cultured under identical conditions, only with added mK3 cells. After 1 day in culture the mK3 cell aggregates were growing outward. At 10 days the ureteric bud has undergone extensive growth and branching, although the view is somewhat obscured by the layer of mK3 cells. The bottom panel shows a ureteric bud after 10 days of co-culture with mK3 cells, with DBA-lectin stain to enhance visualization of resulting branching morphogenesis.
early metanephric mesenchyme of the developing kidney. Their morphology (Fig. 2) , their expression of a number of metanephric mesenchyme genes (Table 1) , and their ability to induce ureteric bud branching morphogenesis in organ co-culture (Fig. 4) , are all consistent with this conclusion.
Affymetrix GeneChip probe arrays were used to create a molecular portrait of the transcription pattern of the mK3 cells. The experiments were performed in duplicate, using the Mu11K A and B chips, and using the u74A chip, providing expression data for over 11,000 known genes and ESTs. The expression data was culled based on reproducibility, with the microarray suite software calling the gene expressed in both experiments. Over 4000 expressed genes were identified. The complete list, presented in order of transcript abundance, can be found as an addendum at http://genome.chmcc.org/potter. This work provides an extensive gene expression profile of the early kidney metanephric mesenchyme cell.
The Affymetrix GeneChip probe array data identified over 70 transcription factors, for example, expressed in the mK3 cells. Most are known, but some are only tentatively assigned transcription factor function based on structural motifs. The six Hox genes expressed, in order of decreasing transcript abundance, were Hoxc 9, Hoxa 11, Hoxc 8, Hoxa 9, Hoxa 10, and Hoxa 5. The precise expression patterns for most of these Hox genes in the developing kidney have not been previously reported. Their expression in mK3 cells suggests they are expressed in early, uninduced, metanephric mesenchyme. The cells also expressed ENX-1 and eed, members of the Polycomb group of genes that stabilize repression of inactive Hox genes, and HRX, a Trithorax family member gene involved in the positive regulation of Hox genes. In addition they expressed nonclustered homeobox genes such as Cux-1, which has previously been shown to be expressed in both the uninduced and condensed metanephric mesenchyme (Vanden Heuvel et al., 1996) , and Msx-1, which has been previously implicated in epithelial-mesenchymal interactions (Dassule and McMahon, 1998) . The mK3 cells also expressed many other types of transcription factors, including GATA-3 and GATA-6, which have been associated with development of the glomerulus (Morrisey, 2000; Van Esch et al., 2000) , and Sox11, which is transcribed in both uninduced metanephric mesenchyme and in comma and S-shaped bodies (Hargrave et al., 1997) . These experiments also identified the expression of dozens of other transcription factor genes that had not been previously implicated in kidney development.
The gene expression profile further confirmed the early metanephric mesenchyme character of the mK3 cells. Selected data is summarized in Table 2 . The mK3 cells, for example, expressed collagen I and vimentin, markers of early mesenchyme, but did not express Wnt-7 or Wnt-11, markers of ureteric bud, or Pax-8, Wnt-4, or collagen IV, markers of late induced mesenchyme.
The Affymetrix chips were less sensitive than RT-PCR. BF-2, a stromal cell marker (Hatini et al., 1996) , and GDNF, a ligand for the ret receptor expressed in the ureteric bud, were listed as not expressed by the Affymetrix chips, although RT-PCR detected low abundance transcripts for both. The Affymetrix system appeared generally more sensitive than Northern blots, with one exception. WT-1 expression was detected in mK4 cells by Northern blot (Fig. 3) , but not by microarray (Table 2) . 
a BF-2 expression was not detected by gene chips, but was detected at a very low level by RT-PCR.
b WT-1 expression was detected in mK4 cells by Northern blot.
Gene expression profile of mK4 cells
The gene expression profile of the mK4 cells was also determined, in duplicate, with the same Mu11KA and B and U74A chips used for the mK3 cells. Over 4000 expressed genes were identified, with the complete list included in the addendum (http://genome.chmcc.org/potter).
The results further confirmed the late metanephric mesenchyme character of the mK4 cells. The gene chips identified expression of Pax-8, Pax-2, Wnt-4, Cadherin-6, collagen IV, and LFB3. All of these genes are expressed in the late induced condensing mesenchyme, but none are expressed in the early, uninduced mesenchyme. In addition the mK4 cells expressed some genes associated with more differentiated tubule cells, such as Aquaporin-1 and the cation-chloride transporter KCC4 (Mount et al., 1999) . Nevertheless, it appears that expression of these genes can precede the differentiated state. Wnt-4, for example, is expressed in mK4 cells and is a marker of condensing cells, but not of differentiated cells of the nephron following fusion. The mK4 cells also express LFB3, which is first expressed in induced mesenchyme, but not LFB1, which appears later in S-shaped bodies (Lazzaro et al., 1992) . It is also interesting to note that Aquaporin-1 is a marker of the proximal tubule, suggesting that mK4 cells represent precursors to proximal tubule cells.
Comparison of mK3 and mK4 gene expression profiles
The mK3 cells represent early uninduced metanephric mesenchyme, while the mK4 cells represent later mesenchyme condensing to form epithelia. Comparison of their gene expression profiles could provide better understanding of the genetic basis of this differentiation process.
Reproducible gene expression differences between mK4 and mK3 were identified from the duplicate gene chip hybridization experiments and sorted according to fold change. The complete list is included in the online addendum (http://genome.chmcc.org/potter) and the raw DAT image files are available on request. Table 2 and Fig. 5 include a short list of differences. In total there were 121 genes observed to change in expression level over ten-fold, with 66 upregulated and 55 downregulated in the mK4 cells compared to the mK3 cells. We performed RT-PCR for selected genes to confirm the gene expression differences. One hundred percent of tested genes identified in duplicate by the Affymetrix gene chip probe arrays as differently expressed were verified (Fig. 5) .
A number of genes known to change in expression during the condensation and epithelialization of mesenchyme were recognized. These included the Pax-8, Pax-2, Wnt-4, Cadherin-6, collagen IV, and LFB3 genes mentioned above, which are known to be expressed in late mesenchyme, but not early mesenchyme. This serves to validate the utility of the comparison.
In addition the comparison identified many genes not previously implicated in metanephric mesenchyme differentiation. This list included Hoxa 7, Notch-1, Follistatin, Igf-2, sFRP-1, Cadherin-16, shroom, and many other genes, as well as ESTs. Some of these have been reported expressed in the kidney, but with their detailed developmental expression patterns not described (Davies and Brandli, 1997) . Others have not been previously associated with kidney development.
The mK3 and mK4 gene expression profiles identify novel genes expressed in the developing kidney
If the mK3 and mK4 cells represent developing kidney cells, then the genes they express should also be transcribed in the developing kidney. To test this we performed in situ hybridizations. The duplicate gene chip comparisons each found the Prx-2 gene (also known as K-2 and Pmx) expressed about ten-fold more in the mK3 cells than in the mK4 cells. This gene was of particular interest, as we were one of the laboratories to originally clone and characterize it (Kern et al., 1992; Cserjesi et al., 1992; Lu et al., 1999) . We had not previously noted kidney expression for Prx-2, or a kidney phenotype in mutant mice, suggesting that the mK3-mK4 gene expression comparisons might lead to the identification Fig. 7 . Section in situ hybridizations further define Prx-2 and AA123934 expression patterns in E14.5 embryos. Panels A-E, Prx-2 probe. Panel A shows a section through the head region with strong expression (bright white grains) in the facial mesenchyme. There was essentially no expression in the brain (Br) and eye (Ey) and weak expression in the tongue (To). Panel B shows a section through the chest wall and upper limb (Li) . There was strong expression around the developing ribs (arrows) and strong expression in the limb around the developing radius and ulna. Panel C shows a section through the metanephric kidney. There was strong expression in the perirenal soft tissue and weaker expression in the mesenchyme surrounding the collecting system of the renal pelvis (arrows). Panel D shows a section through the lower pelvis of the embryo. There was extensive expression in the deep soft tissue layers and particularly surrounding the ureters (arrows). Panel E shows the sense control Prx-2 probe in the kidney. Panel F shows a section of the metanephric kidney hybridized with antisense probe for AA123934. In contrast to Prx-2, AA123934 showed expression in the renal tubular epithelium of the forming nephrons, and not in the meshenchymal tissue. (All panels dark-field illumination; magnification: panel A, 40 £ ; panels B-F, 100 £ ).
of genes not actually expressed in kidney development. Whole mount in situ hybridizations, however, showed that Prx-2 was indeed expressed in the renal hilum at E14.5 (Fig.  6A ). This restricted pattern in the developing kidney might explain how this expression was previously missed. In addition we used whole mount in situ hybridizations to determine the expression pattern of an EST, AA123934, in the developing kidney. In the two gene chip comparisons AA123934 gave 28-and 17-fold greater expression in mK4 cells than mK3 cells. This gene was expressed in the forming nephrons of the E14.5 kidney (Fig. 6B) .
We also examined the NfiB gene, which encodes an apparent transcription factor DNA binding protein.
Although weak expression of this gene in the kidney had been previously detected by Northern blot, its detailed expression in the developing kidney had not been examined (Chaudhry et al., 1997) . Our microarray analysis data showed much stronger expression of this gene in mK4 cells than in mK3 cells (57-fold greater in one experiment and 27-fold greater in the other). Whole mount in situ hybridizations showed expression of this gene in the forming nephron (Fig. 6C) .
The final gene examined, shroom, was originally identified in a gene trap screen (Hildebrand and Soriano, 1999) , with the mutant phenotype showing neural tube closure defects. No shroom kidney expression or kidney phenotype was described (Hildebrand and Soriano, 1999) . The shroom protein includes a PDZ domain, binds F-actin, and plays an important role in determining cellular architecture (Hildebrand and Soriano, 1999) . In the two gene chip comparisons shroom showed 83-fold and 60-fold greater expression in mK4 cells than mK3 cells. As shown in Fig. 6D shroom gave a restricted pattern of expression in the forming nephrons.
The expression patterns for the Prx-2 and EST AA123934 were further examined by section in situ hybridizations. Expression of Prx-2 was characterized at E14, E16, and E16, and was present in all of these gestational stages. The expression pattern was tightly restricted to predominantly primitive mesenchymal tissue, as illustrated in Fig. 7 , panel A, where strong expression in the E14 embryo was observed in the developing facial tissue in the head and neck region. No significant expression was observed in the brain tissue or ectodermal or endodermal derived tissue. As shown in panel B of Fig. 7 of the E14 embryo, there was strong expression in the primitive mesenchymal tissue surrounding the developing skeletal system of the limb bud as well as the developing ribs. Expression of the urinary tract was generally confined to the primitive mesenchymal tissue surrounding the kidney as well as the connective tissue surrounding the ureteral bud and ureters (Fig. 7C,D) . No signal was observed in the renal tubular epithelium or glomerular structures. In contrast, EST AA123934 showed a different expression pattern in developing kidney at E14 with expression mostly limited to the epithelial lining of developing tubules and no expression in the primitive mesenchymal tissue surrounding the ureteral buds or ureters (Fig. 7F) . Prx-2 expression persisted through day 16 and 18 of gestation with a similar pattern that was confined to the mesenchymal tissue (data not shown). In the E16 embryo signal was evident in the mesenchymal tissue in the dermis, around the skeletal system and soft tissues of the head and neck region. No expression was observed in the renal parenchyma but signal was evident in the mesenchymal tissue surrounding the ureter. In the E18 embryo there was still strong signal in mesenchymal tissue in the dermis and deeper soft tissue. The periosteal tissue surrounding the skeletal system showed strong signal but not in the cartilage or bone tissue. There was persistent signal in the developing urinary tract, in the mesenchymal tissue surrounding the ureter and kidney, but no expression in the renal parenchyma. These observations confirm and extend the results of previous Prx-2 expression studies (Kern et al., 1992; Cserjesi et al., 1992; Leussink et al., 1995) .
EST AA123934 also showed expression in E14, E16, and E18 mouse embryos. As shown in Fig. 8 , panel A, there was strong expression in the developing thymus gland of the E16 embryo. Similar strong expression with the EST AA123934 probe was also identified in the developing spinal cord and spinal ganglia of the E16 embryo as well as in the gastric mucosa epithelium, the renal tubular epithelial cells and the epithelial lining the ureter. EST AA123934 expression continued in the E18 embryo as shown in Fig. 8 , panel D, with expression in the epithelium lining the ureter. In contrast to the Prx-2 probe, the EST AA123934 probe showed most of its expression in epithelial derived cells and not in mesenchymal structures, as further shown by its expression in other epithelial structures in the E18 embryo, including the intestinal tract, lung, and brain tissue.
These in situ hybridization results confirm that the gene expression profiles of the mK3 and mK4 cells can be used to identify novel genes not previously implicated in kidney development.
Discussion
To provide tools for the study of metanephric mesenchyme differentiation four Hoxa-11-SV40-T transgenic mice were used to make four clonal kidney cell lines, mK1-mK4. The mK3 cells represent early metanephric mesenchyme that has not yet been induced by the ureteric bud to condense and epithelialize. These cells were fibroblastic in appearance, not epithelial. They expressed genes diagnostic of uninduced mesenchyme, such as collagen I and vimentin, and did not express genes associated with induced mesenchyme. Most striking, however, the mK3 cells were able to induce ureteric bud growth and branching in co-culture, showing that they maintained early metanephric mesenchyme function.
Co-culture techniques have long been used to study metanephric mesenchyme-ureteric bud inductive interactions (Saxen, 1987) . Recent applications have focused on the identification of specific signaling molecules, with results suggesting roles for GDNF, Neurturin, HGF, EGF, and their receptors (Ehrenfels et al., 1999; O'Rourke et al., 1999; Qiao et al., 1999; . We did not detect Neurturin or HGF expression in the mK3 cells. A very low level of GDNF expression was seen by RT-PCR, but was undetectable by Northern or gene chip. It is interesting to note that the mK4 cells, which did not induce ureteric bud growth and branching in co-culture, expressed a higher level of GDNF, readily detected by Affymetrix gene chip. This suggests that the low level GDNF expression by mK3 cells is not solely responsible for their ability to induce bud branching. The molecular mechanism of bud induction by mK3 cells remains to be determined.
The mK4 cells represent later, induced metanephric mesenchyme that has initiated epithelial conversion. This was shown by their more polygonal, epithelial morphology, and by their expression of a number of genes, including Pax-8, Pax-2, Wnt-4, Cadheren-6, collagen IV, and LFB3, which are expressed in late, induced mesenchyme, but not early, uninduced mesenchyme.
Although the gene expression profiles were generally consistent with the mK3 and mK4 cells representing early and late metanephric mesenchyme, respectively, there were some apparent exceptions. For example RT-PCR detected transcripts of BF-2, considered a stromal cell marker, in both mK3 and mK4 cells. This likely reflects the relative insensitivity of the methods used to define BF-2 as a stromal cell marker. In situ hybridizations clearly show BF-2 is more strongly expressed in stromal cells than flanking cell types. Such in situ hybridizations, however, do not exclude the possibility that flanking cells express low levels of BF-2, detectable only by RT-PCR. As additional studies are performed with purified cell types it may become apparent that a number of molecular markers are more quantitative than qualitative in nature. Alternatively, the cell lines may not precisely represent a single cell type from a single stage of kidney development. A hybrid character, with mixed features of more than one cell type of the developing kidney could result from the extended growth in culture and/or the expression of SV40 Tag.
It is noteworthy that the use of SV40 Tag allowed the isolation of cell lines with developing metanephric mesenchyme characteristics from the kidneys of 4-12 week old transgenic mice. This was likely the result of mosaic expression of SV40 Tag. Sufficient numbers of metanephric mesenchyme cells escaped SV40 Tag expression to allow the development of a functional kidney. Some cells, expressing SV40 Tag, were developmentally arrested within the transgenic kidney, and gave rise to the cell lines. This could have resulted from genetically mosaic Fo transgenic mice, with not every cell carrying the transgene. It is common for up to one-third of Fo transgenics to be genetically mosaic. It has also been observed that gene repeats, such as those found in transgene concatemers, can give mosaic, variegated position effect type expression patterns resulting from poorly understood repeat induced gene silencing (Garrick et al., 1998; Henikoff, 1998) . Such spotty expression, even in a mouse that is not genetically mosaic, could again result in the developmental arrest of only a fraction of cells. In contrast, mice with uniform expression of the transgene would have likely suffered a complete arrest of kidney development, resulting in early post-natal death, and would have gone undetected in this study. It should also be noted that different chromosomal integration sites could influence the timing of transgene expression in the different transgenic mice, resulting in developmental arrest of the cell lines at different stages of development.
In any event, the mK3 and mK4 cells appear to provide freeze frame pictures of the uninduced and induced metanephric mesenchyme, respectively, during kidney development. These pure, clonal cells allow an intimate view of these developmental time points. The Affymetrix gene chip analysis of the mK3 and mK4 cells generated a list of over 4000 expressed genes, indicating kidney development function for a large number of ESTs and genes not previously implicated in this process. Furthermore, the mK3-mK4 expression profile comparison identified over 100 genes showing more than a ten-fold difference in expression level. These are excellent candidates for function in the differentiation of the metanephric mesenchyme. This work moves us toward the ultimate goal of a full understanding of the gene expression patterns of early developing kidney cells and how these patterns change during nephrogenesis.
Experimental procedures
4.1. Creation of hoxa 11/SV40 Tag transgenic animals An 11.5 kb SpeI fragment containing the Hoxa 11 gene was cloned into Bluescript plasmid (Stratagene, La Jolla, CA, USA). A 30 bp duplex oligonucleotide with a SnaBI site was cloned into the BamHI site near the transcriptional start of Hoxa 11 (5 0 -GATCCGCTTCAAAGAGGCAGCT-GCATACGTA-3 0 and 5 0 -GATCTACGTATGCAGCTGC-CTCTTTGAAGCG-3 0 ). This was then digested with SnaBI and AscI to allow insertion of the SV40 Tag gene (StuI at 5190 to BamHI at 2533) by blunt end ligation. The resulting transgene construct contained 5.1 kb of sequence upstream of the Hoxa 11 transcription start site, part of the first exon, the single intron, the second exon and 3.8 kb of downstream sequence (Fig. 1) . Correct cloning was confirmed by DNA sequencing. The final construct was digested from vector with Sal1, and purified by low gel temperature agarose electrophoresis and CsCl isopycnic centrifugation. Transgenic mice were made according to standard pronuclear microinjection procedures using B6C3F1 eggs. Transgenic founders were identified by Southern blot analysis using a 32 P labeled (,500 bp) SV40 Tag specific probe and by PCR with SV40 Tag specific primers (SV1 5 0 -CATCAACCTGACTTTGGAGGCTTCT-3 0 , SV2 5 0 -CA-CTCTATGCCTGTGTGGAGTAAGA-3 0 ). Skeletons were prepared and stained as previously described (Kuczuk and Scott, 1984) .
Isolation and establishment of kidney cell lines
Kidney tissue was carefully dissected from 4-to 12-week-old transgenic mice, minced with scissors, dissociated with trypsin, and the cells plated on 100 mm tissue culture dishes. All cells were cultured in Dulbecco's modified Eagle's medium (DMEM; Gibco BRL, Rockville, MD, USA) with 10% fetal bovine serum (FBS; Gibco, Rockville, MD, USA) at 378C in 5% CO 2 on standard tissue culture plates (Falcon/BDL, Franklin Lakes, NJ, USA). Media was changed every 2-3 days and cells were split when confluent. After 20 1 passages, clones were established by dilution cloning and have subsequently been grown for over 50 additional passages, suggesting these clones are immortalized.
RT-PCR assays
Total RNA was isolated from trypsinized cells using RNAzol (TelTest, Friendswood, TX, USA). Reverse transcription was performed with Superscript II (Gibco BRL) and a random hexamer mix according to manufacturer's directions. Following reverse transcription, PCR was done using Vent polymerase (New England Biolabs, Beverly, MA, USA). The oligonucleotide primers SV-1 and SV-2 (sequence above) detect a 408 bp mRNA specific product, as they amplify around the SV40 intron. Any DNA contamination or unprocessed mRNA in the reaction would result in a larger 745 bp product. Primer sets used for RT-PCR were as follows:Emx-2, 5 0 -TCGCCGTCCCAGCTTTTA-
Fibulin-2 5 0 -TCTATCTACACTGCCACCTGACCG-3 0 5 0 -TCTCCATCTCTGAAACTCTGCGAG-3 0 ; Cadherin-16
Immunocytochemistry
Cells were cultured on chamber slides (Nalge, Naperville, IL, USA), washed with phosphate buffered saline (PBS), then fixed with 4% paraformaldehyde in PBS. The cells were then treated with 50 mM NH 4 Cl in PBS for 15 min, washed, then treated with 0.1% Triton in PBS for 15 min. After pre-blocking in 20% FBS in PBS for 15 min, diluted primary antibody was added (PBS with 20% FBS) and the cells incubated 1 h at room temperature. Secondary antibodies (Vector Labs, Burlingame, CA, USA) were used according to manufacturer's protocols. Slides were then washed and mounted in Vectashield (Vector Labs) for viewing. All washes were done three times with PBS between each step. The primary antibodies used were as follows: Pax-2, 1:400 (Babco, Richmond, CA, USA), SV40, 1:500 (Sigma, St. Louis, MO, USA), E-cadherin, 1:1600 (Sigma).
Northern blot analysis
Cells of ten confluent or near confluent 100 mm plates were trypsinized, pelleted, and then washed with PBS. Total RNA was isolated using RNAzol, (TelTest) followed by Poly A 1 selection using the Oligotex mRNA isolation kit (Qiagen, Carlsbad, CA, USA). Approximately equal amounts of mRNA (1-5 mg) from each cell line were loaded onto 1.5% agarose formaldehyde denaturing gel and electrophoresed at 5 V/cm for 2-3 h. Following photo-documentation of the ethidium bromide stained RNA, the gel was rinsed in distilled water for 15 min then transferred to GeneScreen Plus (NEN, Boston, MA, USA) with 10 £ SSC overnight. The resulting Northern blots were rinsed in 2 £ SSC and air-dried prior to hybridization. All hybridizations were performed at 658C overnight according to GeneScreen manufacturer protocols and then washed in 2 £ SSC/1% sodium dodecyl sulphate (SDS) at 658C for 5-6 h. Hybridized blots were exposed 1-2 days using X-ray film or phosphoimager screen before being stripped and re-hybridized with a guanosine adenine dinucleotide phospate (GAPDH) probe to control for equal loading.
Affymetrix GeneChip probe arrays
The Affymetrix Mu6500, Mu11K, and Mu74 chip sets were used to define gene expression profiles of the mK3 and mK4 cell lines according to manufacturer's protocols. Briefly, biotinylated RNAs were synthesized and hybridized to the GeneChip probe arrays, which were then washed, stained with streptavidin-phycoerythrin and scanned. Analysis was performed using Affymetrix GeneChip software.
Co-culture experiments
Aggregates of each cell line was made by trypsinizing monolayers, recombining free cells in a hanging drop culture, and incubating 4 h to overnight. Ureteric buds were isolated at the 'T' bud stage from E11.5 mouse embryos by dissection of the urogenital ridge, after brief trypsinization. Isolated ureteric buds were recombined with cell line aggregates in three-dimensional (3D) culture using either Matrigel or Collagen Matrix (Becton Dickinson, Bedford, MA, USA). When included, the GDNF concentration was 50 ng/ml. These were cultured (DMEM with 10% fetal calf serum, 378C, 5% CO 2 ) for up to 10 days with media changes every 2-3 days.
DBA staining facilitated visualization of ureteric buds. Ureteric buds were fixed in 2% paraformaldehyde in PBS following co-culture with mK3 cells. After washing twice with PBS buds were blocked with PBS containing 3% bovine serum albumin (BSA) and 0.05% Triton for 1 h at 378C. Fluorescein isothiocyanate (FITC) labeled DBA lectin (1:40 dilution in blocking solution) was then added and incubated for 1 h at 378C. Following two brief 5-min washes in PBS with 0.05% Triton, a third wash was continued overnight. Buds were post-fixed with 2% paraformaldehyde, rinsed in PBS, and imaged by confocal microscopy.
Whole mount in situ hybridizations
Whole mount in situ hybridizations were carried out as described (Hogan et al., 1994) . Digoxygenin probes were generated from the PCR products above by cloning into pCR BLUNT II (Invitrogen) and performing in vitro transcription with T7 or SP6 RNA polymerase according to manufacturers protocol (Boehringer Mannheim). Section in situ hybridizations were performed as previously described (Li et al., 1994) .
